In this paper, we present a system simulator of a marine vessel and power plant which contains the mechanical system with diesel engines, propellers, steering gear, and thrusters; the electrical system with generators, switchboards, breakers, and motors; and the plant level controllers with dynamic positioning controller, thrust control, and power management system. Interconnections are possible to simulate by using a multi domain simulator. This is important when evaluating system performance and fault handling. The simulator is implemented in Simulink and is modular, configurable and scalable. It can be extended to run on National Instruments' cRIO embedded control and acquisition system, for real-time simulation.
INTRODUCTION

Shipboard electrical system
The electrical power plant is a critical system onboard most marine vessels, since many subsystems are dependent on electric power. A blackout is a hazardous event that may cause loss of operation and lead to severe consequences. However, safe operations may come in conflict with environmental and economic cost objectives. For instance, it is more energy efficient to run with few diesel generators, while it may be considered safer to run with many.
The electric power plant is a system containing many subsystems. These subsystems are functionally and physically integrated to operate and cannot be seen as autonomous subsystems. The vessel power network is normally assumed to be weak, due to the small number and rating of producers, compared to the producers such as thrusters, pumps, drilling drive, etc. An error or misbehavior of one component may cascade through the system and cause a blackout, if not handled appropriately. A power management system (PMS) is used to keep overall control of the electrical system. Protection relays are used to isolate systems when undesired behaviors occur, such as underfrequency and reverse power.
The power generation have so far mainly been provided by medium speed diesel-generator sets. In this paper we will present case scenarios using diesel-engines only. However, the simulator Use cases One use case of this simulator is to study vessels with DP by using thrusters to produce the necessary force counteracting current, wind and mean and slowly varying sea loads acting on the vessel. DP is often implemented in combination with diesel-electric propulsion: multiple diesel generator sets produce electrical power, which is consumed by the thruster drives. Other electrical consumers may be drilling loads, compressors, separators, and hotel loads.
Early versions of the simulator have had several use cases as motivation for further development:
Consequence analysis Fault handling is included in the model. This makes it possible to simulate faults [17] . Faults may be generated in the electrical system (e.g., loss of generator) and affect the stationkeeping capabilities (e.g., loss of position). Conventional capability plots for DP uses steady state considerations to compute the capabilities of the vessel. However, in the simulation study it is seen that transients during reconfiguration after a fault can be much more critical than the achievable steady state condition after the reconfiguration [3] .
Optimization of emission, maintenance, and fuel consumption
Since the emissions and fuel consumption are estimated by the simulator, these variables can be optimized. Maintenance is often dependent on the running hours of the equipment; the simulator can thereby evaluate which components should run to optimize the plant. Realistic load characteristics A realistic load profile is needed for some simulation studies of diesel engines used in generator sets for marine vessels. This is needed because the load fluctuates and these fluctuations give transients in the diesel engine that are important to handle. The simulator can therefore be used to study how the transients of the load is handled by the generator, and how this influences the rest of the power plant and the vessel [18] . Concept evaluation of new technologies During the last decade many new technical solutions have been suggested. A simulation study should be the first step in evaluating the performance of new technical solutions, such as new energy storage components or new control strategies. High fidelity thruster model The simulator includes a thruster model that can be used as an extension to the MSS toolbox [8] . During simulation of DP operations it is normal to ignore the dynamics of the thrusters (or use very simplified models) and to assume that the thrusters are able to generate the desired thrust command given by the DP controller. However, this assumption may be too rough in some cases, especially after a fault in the electric propulsion system, as power constraints may be active. By including the presented extensions more realistic thruster dynamics can be simulated. The thruster model is based on the work in [19] . Thruster induced load fluctuations A known problem for vessels in DP operation is large fluctuations of the power consumption by the thrusters, due to wave-induced variations of the advance velocity of the propeller. This gives excessive wear and tear of the generator sets and frequency variations, and it should be avoided by better control of the propeller [20, 21] .
SIMULATOR OVERVIEW
Since the simulator is modular, many different designs and operations can be simulated. The main focus has been to simulate vessels with diesel-electric propulsion, this may be ferries and cruise vessels in transit, or advanced drilling rigs in DP operation, where the thruster control is constrained by the power available. Extension of the simulator to simulate hybrid power plants including energy storage by batteries is currently ongoing. Vessels with hybrid propulsion may also be simulated, such vessels have both a propeller and a generator directly connected to a prime mover. Different operational modes may be simulated, as long as the desired thruster settings are available, either set manually or by a controller. Examples of operation modes may be transit operation, maneuvering, and DP operation.
The main assumptions of the simulator are:
Steady-state electric system It is assumed that the electrical system is in steady state. This gives real-time capabilities, but some features can not be simulated. The electrical variables are frequency, voltage, active power, and reactive power. It is therefore possible to simulate faults, such as under/over-frequency, slow under/over voltage fault, and reverse power. However, it is not able to simulate phase imbalance, transient voltage faults, short circuit, and harmonic distortion. Mean-value engine model The diesel engines are modeled by mean-value engine models. This means that most of the components in the diesel engine system are mathematically modeled based on the physical laws. However, the incylinder process is simplified so that it gives only a cycle average output such as shaft torque and mass and energy flow of the combustion gas. Power Management System The objective of the PMS is to make sure that there is always enough generator capacity for the electrical system. Additional generators could be started if too little power is available. Loads may be commanded to reduce power or be disconnected to reduce the power consumption if required. The PMS needs to know the status of the complete plant. It is therefore connected to all producers and main consumers, in addition to all switchboards and breakers. Protection relay Protection relays are not modeled, as breakers can either be tripped by a timer or post-processing can detect a blackout. This means that some custom protection relays need to be implemented to simulate a partial blackout. Alternatively, post-processing can be used to detect when breakers should be opened, and then a new simulation can be run with opening of breakers at the detected time. Fixed pitch, variable speed thrusters The thrusters are assumed to be fixed pitch propeller, with the possibility to run with variable speed. Thrusters that can rotate in any direction, azimuth thrusters, and fixed direction thrusters (e.g., tunnel thrusters) can be simulated.
An object-oriented modeling structure has been used to model the marine power plant. This means that each block in the simulator represents a physical component in the vessel, and further subsystem blocks represent internal physical components of the larger component. The components are standalone and can be used in other simulators using Simulink or exported using Simulink Coder.
The top level view of the model is illustrated by an example in Fig. 1 . This view represents the information flow regarding motion control of the vessel. A DP controller has been used in the presented case. Alternatively, the setpoints of the thrusters can be given manually during transit, maneuvering or other operations without DP control.
For this particular case the view contains:
1. Observer; estimates the position and velocity of the vessel from measurements. 2. DP control system; calculates a desired thrust command. 3. Thrust allocation (TA); converts the desired thrust command for the vessel to thrust commands for each thruster. 4. Electric system with thruster model; converts the thrust command to actual thrust. 5. Environmental model; generates realistic current, wind, and wave loads for the environment. 6. Vessel model; calculates the motions of the vessel given the thruster and environmental loads.
The electric power plant is modeled inside the electric system block. An example power plant is shown in Fig. 2 and consists of:
1. Generator set; consisting of a prime mover (e.g., diesel engine), a generator, a speed governor, and an automatic voltage regulator (AVR). 2. Thruster drives; consisting of a frequency converter, an electric motor, and a propeller. 3. Other components: This can be hotel loads and drilling loads, which are modeled as a time series of power consumption. However, this block may also be used for en- ergy storage, such as batteries with a frequency converter. The load is then negative when the block delivers power and positive when it consumes power. 4. Switchboards; connecting loads and producers. 5. Breakers; connecting and disconnecting elements.
Simulink was chosen because we would like to extend MSS toolbox [8] to include better thruster models and an electric power plant. The downside by choosing Simulink is the modeling of interconnections. The system is hard to divide into levels as required by the subsystem architecture of Simulink. We have therefore chosen to use the top level model view for the vessel control, further the electric power plant is a subsystem in this view. The electric power plant is made to mimic a single line diagram. However, no information other than the configuration is sent via the lines in Simulink. Goto blocks are used to send information between the blocks to avoid a "spagetti" diagram with too many lines. A script is used to automate the configurations of the goto blocks. The stiff solver ode15s is used as numerical solver in the case study, since the local controllers gives a stiff model. When the models are exported from Simulink to cRIO, the solver ode3 with step sizes of 1 millisecond is used, as cRIO does not support variable timestep solvers.
First order lowpass filters are used to avoid algebraic loops, where the time constant of the filters are chosen to be smaller than the fastest dynamics of the relevant models. One example is the power available signal. An algebraic loop occurs since the power available is dependent on the power consumption, which is constrained by the power available. This is solved by adding a lowpass filter on the power available signal, which is faster than the time scale of the consumers. This may also be solved by using discrete time for these signals. However, this reduces the performance of the chosen implicit ode solver.
VESSEL, ENVIRONMENT, OBSERVER AND DP-CONTROLLER
The vessel model used in the simulator is from the MSS toolbox [8] . In the simulation case we have chosen a model suitable for DP operations. However, the MSS toolbox contains multiple vessels models, and the model should be chosen depending on the simulation case.
The environment can be modeled as any external force. The current is modeled as a relative velocity. In the simulations presented in the case study below, the wave and wind loads are for simplicity modeled as sinusoidal forces with a constant bias. This represents the mean wind force and waves (swells). For cases where the DP performance should be studied deeper, a higher fidelity model of the environment is needed. This is given in the MSS toolbox. The state observer is a passive observer based on [22] , and the DP-controller is implemented as a PIDcontroller.
The thrust allocation (TA) calculates thrust demands for the thrusters, such that the sum equals the desired thrust command from DP. Constraints are also applied, such as rate constraints and power constraints. To maximize the fuel efficiency and increase flexibility, azimuth thrusters, i.e., thrusters that can change their direction of thrust, are often used. The implemented TA is based on [23] [24] [25] .
The power consumption by the thruster is approximated by:
where p is the approximated power consumption, T d is the thrust amplitude, and K f 2p is a constant found from bollard pull tests. Due to the approximation, the actual power consumption may be different from the approximated power consumption. This means that the power consumption may be violated even though the solution satisfies the power constraint. The thrusters are therefore given a power constraint based on the approximated power consumption in the thrust allocation. This ensures that the thrusters do not use more power than available for the DP on each of the buses.
POWER MANAGEMENT SYSTEM
The PMS objective is to make sure there is always enough power available, to prevent a fault (blackout), and if it occurs to restore power as fast as possible. The PMS starts additional generators when the excessive power capacity of the connected producers is too small. In addition, the PMS allocates power to the different consumers. This is done by first summing the current power capacity of the producers. This is then shared among the consumers based on their desired power consumption and priority. A signal, called "Power Available", is sent to some consumers, stating the maximum power limit for by the specific load. Load shedding (disconnection of consumers) is done in extreme cases, when power reduction must be done quickly (e.g., close to underfrequency).
Fast load reduction is used in cases where the power consumption must be reduced, such as after an unexpected failure of a generator. It reduces the load of the thruster drives, since they can change the power consumption quickly due to the frequency converters.
The PMS will also adjust the droop and isochronos load sharing parameters to adjust the load sharing. This is done during progressive loading after connection of generator sets. Progressive loading is implemented to ensure that the power generation of the new producer is slowly increased from no load to desired load sharing.
The PMS algorithm is implemented in C++ and can easily be configured to different power plants. The object oriented focus of the simulator is kept in the PMS implementation, so that new functionalities, such as automatic start and stop, easily can be added.
DIESEL ENGINE
The dynamics of the diesel engine are the slowest dynamics of a diesel-electric power plant. Most modern diesel engines are turbocharged to provide increased power density. When a turbocharged diesel engine needs to increase its delivered power, more air is required into the cylinders to avoid incomplete combustion or visible smoke in the exhaust. However, the response of the air system is rather slow, due to the rotating inertia of the turbocharger and the large air-and exhaust receivers, which gives rise to the turbo-lag. In addition, increasing the fuel injection rises the temperature in the cylinder. The rate of change of fuel injection should be limited to avoid large thermal stresses.
Constraints are, therefore, added to the engine control output by the engine manufacturer to ensure that the fuel injection is not changed too fast, so that the engine is not damaged by a rapid change of temperature, and that the pressure in the inlet manifold is large enough to allow for a complete combustion. These constraints are in some cases conservative and the air dynamics may be neglected since the engine will always run with complete combustion due to these constraints.
Mean Value Model
The main purpose of the diesel engine simulation model is to capture the air dynamics including pressure before the engine cylinder which can be related to the charge air available for combustion. In the mean value engine model, most of the physics in the engine system components are captured except for the incylinder process, i.e., the thermodynamic cycle of an internal combustion engine. The main components included in the model are an engine cylinder block, a turbocharger, a charge air cooler, an air receiver and an exhaust receiver. The implemented mean value engine model is based on the models presented in [26] [27] [28] [29] [30] [31] .
The overall mean value engine system model is presented in Figure 3 . Both a compressor model and a turbine model require ambient pressure and temperature as boundary conditions for the system. The input to the overall model is fuel rack position and engine speed; the output is torque, volumetric efficiency and pressure and temperature of the air receiver. The latter three outputs are used in order to calculate the mass trapped in the cylinder per cycle, which is further used to calculate the maximum allowable injected fuel amount according to given fuelair equivalent limit. This functionality is termed as smoke limiter. The smoke limiter ensures that the charge in the cylinder is lean enough to avoid visible smoke during rapid power output increase.
A short-coming of such a model is that it requires extensive parameter identification in order to achieve reasonable accuracy. However, a well-defined engine model can be used for different cases if the main physical variables are converted into per unit values. This may cause inaccurate response characteristics since machines at a various power range should have somewhat different time scales. If it is possible to find the response characteristics of a genset to step load changes, the overall model including the governor can be re-tuned to match the given characteristics.
Such characteristics can be found in the manufacturer's documentation [32] .
Rate Constrained Model
A simplified model can be used for engines where the fuel rate is constrained such that the combustion is complete. Simulations (not shown due to page limitations) have shown that this is the case for maritime engines, due to the conservative rate constraints set by the engine manufactures. This model ignores the air dynamics and requires therefore fewer parameters.
The shaft speed dynamics can therefore be simplified to:
where θ is the mechanical angle, ω and ω b is the per unit and base mechanical angular velocity, D f denotes windage friction constant, k u is a gain from fuel rate to per unit mechanical torque, τ e denotes per unit electric torque, and u is the fuel index. This is derived by the swing equation and assuming linear damping.
H is the inertia constant, defined as H = 1 2
, where J is the rotational inertia of the generator set and P b is the base power of the generator set [33] .
Governor
The two engine models use the same governor, which is based on droop control [34] . The commanded fuel index is then calculated by a PID controller with back calculation to avoid wind-up of the integrator term. The derivative of the frequency is calculated by using the "dirty derivative":
where the symbols denotes: K d , K i , and K p are the derivative, integration, and proportional gains; p is the per unit produced power by generator; ω NL and ω re f are the set-point frequency at zero active power and reference frequency; andω denotes the estimated time derivative of the frequency.
For the rate constraint model, additional constraint on the fuel index is needed to avoid too large temperature variations in the cylinder and sooting due to too little air for complete combustion. This constraint is pre-defined and, therefore, static. In the case study, the engine is allowed to increase the fuel index with 20 % of the rated output and then increase the fuel index with 8.1%/s. This is found by tuning the engine model response to best fit recovery time and frequency droop given in [32] .
For the mean value model, a smoke limiter put constraint over the governor's command. Given the maximum fuel-air equivalent ratio (F max ), the maximum fuel index (u max ) is given by the equation 8,
where, η vol is volumetric efficiency, p rec and T rec are pressure and temperature at an air reciever, R is specific gas constant and V D is displacement volume of a a cylinder, f s is stoichiometric fuel-air ratio and m f,inj is amount of maximum fuel injection per cycle. In the case study, the F max is chosen as 1 in order to give a reasonable engine response.
GENERATOR
In marine power plants, synchronous generators are typically used to produce power. As earlier mentioned, the generator is assumed to be in steady state and with balanced phases. The electrical torque, τ e is therefore τ e = p + p loss
where p loss is the power loss in the generator, r is the resistance in the stator windings, q is the reactive power, and v is the terminal voltage. From [33] , we know that the terminal line-to-neutral voltage is:
where Z is the internal impedance of the generator set,Ĩ a is the current through phase a andẼ a is the induced line-to-neutral voltage for phase a. It is assumed that the magnitude ofẼ a is perfectly controlled by the automatic voltage regulator (AVR) or at least the dynamics are much faster than the dynamics of the mechanical system. The phase angle ofẼ a is
where N poles is the number of poles of the generator. The AVR regulates the terminal voltage by manipulating the induced voltage. In this simulator we use a droop controller toẼ set the set-point, based on the reactive power of the generator set. This takes care of the reactive load sharing. The generators deliver equal amount of reactive power if they have equal voltage droop curves.
ELECTRIC VOLTAGE CALCULATION
The voltage of the bus is needed to calculate the load sharing of the generators. The generators are connected in parallel as shown in Fig. 4 . We assume that the loads are independent of the bus voltage, their active and reactive power are therefore given. To calculate the bus voltage we first find a Thévenin equivalent circuit of the connected generator sets [35] , as shown in Fig. 5 . This circuit is closed by the loads, which have a known power consumption but unknown impedance.
This gives the equation
where P bus and Q bus is the active and reactive power of the loads, V is the line-to-neutral bus voltage,Ĩ is the current,Ẽ T is the Thévenin equivalent voltage, and Z T is the Thévenin equivalent impedance. Equation (12) has two solutions, one solution, or no solution. For the case where there exists two solutions the solution with the largest absolute value for the bus voltage is used. The largest voltage yields a low current, hence low internal loss. The lower voltage solution gives a high current, with very high internal loss since most of the voltage drop occurs over the internal impedance. During simulations it may occur that there doesn't exist a valid solution. This may happen when the load increases rapidly (a load is connected) or the Thévenin equivalent voltage of the generator decreases rapidly (fault in AVR or disconnection of a generator). In such cases, the voltage is set to a low value. This gives an incorrect load sharing, but the AVR will increase the voltage quickly. During our simulation study the bus voltage has regained a valid solution within 0.1 millisecond (not shown in article due to page limitations). This is permissible since the time is very short compared to the time scale of the mechanical system. A lowpass filter must therefore be added when simulating voltage protection relays.
THRUSTERS
The thrusters are modeled as propellers which is driven by electrical motors. The propellers are assumed to be fixed pitch, while the speed is variable. No thruster-thruster or thruster-hull interaction losses are included, as these are generally hard to describe. It is assumed that the torque of the electrical motor is perfectly controlled. A frequency controller is often used to control the motor. The time scale of the dynamics of the frequency converter is much faster than the dynamics of the mechanical part of the thruster drives, and can therefore be neglected. A speed controller is used to control the thrust. The open water characteristics are used to calculate the desired shaft speed, from the requested thrust. The thrust is assumed to be [36] :
where K T is the thrust coefficient found from open water tests, ρ is the density of water, D is the propeller diameter, and n is the shaft speed. This gives the desired shaft speed:
The desired thrust signal must be smoothed since the desired thrust is calculated at 1 Hz. Large power fluctuation will occur at each update instant of the thrust allocator if this is not done. A second order filter is therefore used, to make the desired thrust signal smooth.
The power consumption of the thrusters are reduced after a fault by the fast load reduction. This is done by limiting the torque of the electrical motor driving the propeller. In practice, this is done by the frequency converter.
The four-quadrant model of the propeller presented in [19] , is used to calculate the actual thrust and torque of the thruster. The benefit of this model is that it models "wind milling" (i.e., shaft speed and torque have different signs). The advance velocity of the propeller is assumed to be equal to the relative velocity of the vessel. This means that wave-propeller interaction due to vessel motion is included, but wave-propeller interaction due to wave induced particle motion is not included [20] .
OTHER COMPONENTS
The last model in the electrical power simulator is a block named other loads. It represents loads that does not directly influence the propulsion system and are modeled as time series of actual and desired power consumption. The load is divided into two parts: high and low priority loads. Both send a desired power consumption to the PMS. The PMS will then allocate power available back to these loads. The PMS will first allocate power to the high priority loads, which may be an emergency system. The thrusters will then get allocated the remaining power, before the low priority loads get the last remaining available power. The actual consumed power is set equal to the allocated power available.
REAL-TIME IMPLEMENTATION
One National Instruments compact reconfigurable input/output (cRIO) embedded control and acquisition systems is used for the real-time implementation. This gives the opportunity to run hardware-in-the-loop testing where simulated models are replaced by real hardware. This could be controllers or other components, such as generator sets.
CASE STUDY
In this article a drilling rig is used to illustrate the capabilities of the simulator for a fault scenario. The electrical system is shown in Fig. 2 . The rig has three switchboards, which are connected in a ring configuration. Two generator sets are connected to each switchboard, where the rated output of the diesel engines are 9.1 MW. In addition, two thrusters are connected to each switchboard with a rated output of 4.2 MW and a rated thrust of 506 kN. The current velocity is set to 1 m/s and the wind force is constant at 437 kN, both are coming from north. In the simulation, the vessel is in DP operation and heading north, with closed bustie and five generator sets running (two connected to each of the first two switchboard and one to the righter most switchboard). Switchboard 1 is separated from the other two switch-boards, by opening the breakers connected to Switchboard 1 after 50 seconds. The power consumption is constrained by the fast load reduction, due to the increased load on Switchboard 2 and 3. 50 seconds later, the last generator connected to Switchboard 3 is disconnected. A thruster connected to Switchboard 3 is disconnected 2 seconds after the disconnection of the generator. To avoid underfrequency the fast load reduction reduces the thrust. The PMS uses the power available signal to avoid overload of the generators after the fast load reduction has increased its constraints. The thrust allocation is then able to redistribute the thrust between the buses, since the power available signal is directed to the thrust allocation.
As is seen in Fig. 6 we are able to simulate this fault scenario. We are also able to simulate how the safety systems respond and how this influence the position accuracy and power plant. Also note that the power consumption of the thrusters are fluctuating before the faults occur. This is due to the wave induced motions of the vessel, which gives fluctuating advance velocity of the propeller. Switchboard 1 is also increasing its thruster loads after the loss of a generator and thruster at Switchboard 3. This is done since the thruster loads is at the power available limit for Switchboard 2 and 3. Some position deviation from the setpoint occurs after the fault; this is due to the reconfiguration and loss of power after the fault.
CONCLUSION
In this article a simulator for marine vessels' electric propulsion is presented. The main contributions are a system simulator with detailed models of the vessel, propeller, thruster drives, generator sets, and controllers, in addition to including interaction effects between the components. The simulator is module based and models of different fidelity can be chosen. Due to the modularity the simulator can be reconfigured to many different vessels with electric propulsion, and different operations can be simulated. Simulink is used to implement the simulator and the simulator can run on NI cRIO in real-time. The case study presented in the article shows some of the capabilities of the simulator. More detailed simulations of, e.g., fault scenarios contribute to increased knowledge about the behavior of the electrical system and safety functions, which may lead to more reliable vessels and safer operations in the future.
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